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Limits to Maximum Absorption Length in 
Waveguide Photodiodes 

Shannon M. Madison, Jonathan Klamkin, Member, IEEE, Douglas C. Oakley, Antonio 
Napoleone, Jason J. Plant, and Paul W. Juodawlkis, Senior Member, IEEE 

Abstract: The maximum photocurrent, power dissipation, and linearity of waveguide 
photodiodes are limited by the length over which the input optical power is .absorbed. This 
absorption length is determined by the absorption coefficient of the absorbing layer 
material (a0 ), the optical confmement factor (I), and the excess optical loss (a,). In this 
work, we analyze the fundamental limits to maximizing the absorption length and 
demonstrate a new waveguide photodiode structure that approaches these limits. The new 
structure is referred to as a slab-coupled optical waveguide photodiode (SCOWPD) and is 
realized in the InGaAsP/InP material system. Assuming 100% coupling efficiency, the 
SCOWPD has an ultra-low optical conf'mement factor and low excess optical loss, both 
calculated from measurements, ofr = 0.069°/o and a;= 1.65 cm·t, respectively. This results 
in a 1/e absorption length of 2.1 mm. The SCOWPD exhibits an external responsivity of 
0.8 A/W and a maximum photocurrent of 250 mA at a wavelength of 1.55 Jim. 

Index Terms: p-i-n photodiodes, optical waveguides, analog op1j'eet-M•r"81MMI~itMl'M~tMl---~ 
factor, waveguide photodiode THIS MATERIAL HAS BEEN CLEARED 
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1. Introduction DATE: 13~ ll 
cAse# Lbft6w-blo 11-CJ'Iil .2_. 

Microwave photonics applications, including analog optical trans 't/receiveYtnkS, antenna 
remoting, and optical clocks, benefit tremendously from photodio es e 1 1ting 1 
responsivity, wide bandwidth, high linearity, and high power operation. Efforts to increase the 
photocurrent handling capabilities of photodiodes have included work on surface-illuminated 
photodiodes [1,2], waveguide photodiodes [3,4], and traveling-wave photodiodes [5,6]. Two 
dominant effects that limit the maximum photodiode output photocurrent are space-charge 
screening in the photodiode drift region and inadequate heat dissipation. For sufficiently high 
optical input powers, the electric field created by the space-charge can become so strong that the 
bias eleetric field will collapse, resulting in photocurrent compression [2]. 

For high-current photodiodes, linearity and thermal dissipation are limited by the area over 
which the optical power is absorbed. Previously, distributed-absorption waveguide structures 
have been studied to increase the photodiode absorption length [3]. In this paper, we report on 
the first demonstration of a high-current, high-responsivity waveguide photodiode based on the 
slab-coupled optical waveguide (SCOW) concept. This device was designed to have an ultra-

This work was sponsored by the United Stated Air Force under Air.Force contract number FA8721-05-C-
0002. The opinions, interpretations, conclusions and recommendations are those of the authors and are 
not necessarily endorsed by the United States Government. 



low optical confmement factor r and relatively low excess loss, which allows for the extension 
of the absorption length beyond 2 mm. 

2. Low~Conf"mement Waveguide Photodiodes 

The optical power in a waveguide photodiode, as a function of the propagation distance z from 
the input facet of the waveguide, can be written as: 

(1) 

where 'lc is the input coupling efficiency, PIN is the optical input power, a0 is the absorption 
coefficient of the absorbing layer (a0 - 6000 cm·1 for bulk InGaAs at a wavelength of 1550 nm), 
and a; is the excess absorption coefficient. Using Eq. (1 ), the detection efficiency of a waveguide 
photodiode is defined as the optical power that is detected and converted into photocurrent PDET 

divided by PJN. Using Eq. (1), the detection efficiency of a waveguide photodiode can be 
expressed as: 

(2) 

where Lis the total length of the device. In order for waveguide photodiodes to achieve both 
high detection efficiency and long absorption length, two criteria must be met. First, the active 
absorption r a0 must be kept low and second, the excess optical absorption a; must be kept to a 
minimum. Two cases of the simulated photodiode detection efficiency as a function of device 
length are shown in Fig. 1. Each case is plotted for a range of ai from 0.1 cm·1 to 5.0 cm·1, for a 
total device length up to I em and for an input coupling efficiency 'lc of 100%. 

The excess absorption coefficient ai in a waveguide photodiode is determined by several factors, 
including free~carrier absorption in the various material layers and waveguide scattering losses. 
The minimum ai can be bounded by the loss present in a bulk material that would be used for the 
waveguide layer. For IDP-based structures operatingat a wavelength of 1.5 J.1m, the minimum ai 

· is - 0.1 em·•, as measured by Ballman [7]. We use this value as a lower limit in our analysis. 
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Fig. 1. Detection efficiency as a function of waveguide photodiode length for a range of excess optical loss for (a) a 
waveguid~ photodiode, having r = 0.50%, and (b) a waveguidephotodiode, having r = 0.05%. 

For waveguide photodiodes that have been demonstrated prior to this work, r is in the range of 
0.50% to 20.0% [8-11]. In Fig. 1(a), we calculate the detection e:Qiciency for the lower end of 
this range (f = 0.50%). For r = 0.50%, a detection efficiency greater than 85% can be achieved 
for ai:::; 5.0 cm·1 for a total device length less than 1 mm. This device has a low sensitivity to 
changes in a;, which is a positive feature. However, it also has a short absorption length, making 
it susceptible to saturation and overheating at high-power operation. The second case, Fig. 1 (b), 
shows the calculated detection efficiency for a waveguide photodiode with r = 0.05%, one order 
of magnitude smaller than the first case. The calculated detection efficiency in Fig. 1 (b) shows 
that ai must be kept to a minimum to achieve the same maximum efficiency as in Fig. 1 (a} for a 
waveguide photodiode with a total length of 1 em. As shown in the plot, this case is very 
sensitive to small changes in ai and it is necessary to maintain ai below 0.2 cm-1 in order to 
achieve a detection efficiency greater than 85% for a 1-cm-long waveguide photodiode with r = 

0.05%. The ultra-low r plays a very important role in allowing the absorption of high optical 
powers to be distributed over a much longer length, and therefore avoid being limited by 
saturation or overheating. In this work, we present a long waveguide photodiode w1th an ultra
low rand an increased absorption length of2.1 mm, designed for high-power operation. 
Descriptions of the device design, fabrication, and characterization are presented in the next two 
sections. 

Previously, waveguide photodiodes with decreased r for increased power handling and a longer 
absorption length have been demonstrated [3,8,9,12]. Table I compares the f, device length, 
and maximum photocurrent of these devices to the device presented in this work. We present a 
waveguide photodiode having an ultra-low r- 0.05%, which allows for high-power operation 
(300 m W input optical power generating 250 mA of photocurrent) over a long absorption length 
(2.1 mm). The most comparable result for maximum photocurrent is from Shubin et. al., for r = 
5.0%, whose device was capable ofhandling nearly 600 mW of input optical power. Due to 
thermal limitations in our current implementation, the waveguide photodiode presented in this 
work cannot handle input optical powers beyond- 350 mW. Thus, the maximum achievable 



photo-generated current is limited, even with a high responsivity. The causes of these thermal 
.limitations are discussed later in the paper. 
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Table 1. Waveguide photodiode with ultra-low optical confinement factor presented in this work compared to other 
efforts to decrease the optical confinement factor to enable high power operation. <
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3. SCOWPD Device Description 

The SCOW concept is based on Marcatili's application of coupled mode theory, which states 
that a multimode waveguide can operate single mode if the mtiltimode waveguide is 
appropriately coupled to a slab waveguide {13]. With the correct selection ofwaveguide 
dimensions, the lowest-order fundamental mode propagates with minimal loss, while the higher 
order modes radiate away into the slab with high loss. This concept enables the realization of a 
large, single-mode waveguide capable of handling high optical powers. By including quantum 
wells in the SCOW structure, both high-power lasers [141 and amplifiers [15] have previously · 
been demonstrated. In this work, we have applied the SCOW concept to realize an InGaAsP/InP 
slab-coupled optical waveguide photodiode (SCOWPD) with a total length of 1 em and a lie 
absorption length of2.1 mm [16]. This SCOWPD operates at 1.55 J.tm and has an ultra-low r ~ 
0.05%. 

Shown in Fig. 2 is a cross-section of the SCOWPD device, which illustrates how the 
fundamental waveguide mode propagates in the thick InGaAsP waveguide, having very low 
overlap with both the InGaAs absorption layer and the lossyp-InP cladding layer. The 
dimensions of the ridge width, ridge height, waveguide thickness, and slab thickness were 
carefully selected, using Marcatili's SCOW concept, to enable both single-mode device 
operation and an ultra-low optical confinement factor r. The SCOWPD material structure 
reported here was grown on a semi-insulating InP substrate via organo-metallic vapor-phase 
epitaxy (OMVPE). The device structure consisted of an undoped InP cladding layer (1 JJ.m), an 
undoped InGaAsP waveguide layer (3 JJ.m), an n-InGaAsP waveguide/contact layer (1 J.l~, Si = 

5x10 7 em·\ an undoped InGaAsP waveguide/sweep-out layer (1 JJ.m), an undoped InGaAsP to 
InGaAs graded layer (35 nm), a very thin undoped InGaAs absorber layer (20 nm), a p-InP 



cla~din~ layer (1 J.Lm, Zn = 1x1018 em·\ a p-InP to p-InGaAs_faded la~er (1~0 run, Zn = 1xl018 

em\ and a p-InGaAs contact layer (100 run, Zn- 3x1018 em ). One-dtmens10nal mode 
simulations show that an optical confmement factor ofr- 0.05% can be achieved with a 20-run
thick InGaAs absorbing layer, as shown in Fig. 3. Furthermore, BPM simulations predict an 
ultra-low optical confinement factor cr = 0.066%) and low excess loss (a;= 0.37 em"1

) for a 20;. 
run-thick- InGaAs absorber. These predicted values off and a; would result in a 1/e absorption 
length of approximately 2.31 mm. 

lnF substrate 

Fig. 2. Cross-section of the SCOWPD, showing the fundamental mode location and overlap with the InGaAs 
absorber, ridge height (2.75 Jllll), ridge width, and thick waveguide (5 ~m). 

The waveguide ridges were defined by a Ch/SiCIJ Ar inductively coupled plasma reactive ion 
etch (IC.P-RIE), followed by a short wet etch. The dimensions consisted of a ridge height of h = 
2.75 Jlm and varying ridge widths ofw= 4, 5, 6, 7, or 8 Jlrn. Following this, the samples were 
passivated with a 5% (N~)2S in DI water solution, and then immediately coated with a 2900 A 
Si02 film to provide electrical insulation [17]. N-metal (Ge/Au/Ni/Au) and p-metal (Ti/Pt/Au) 
contacts were deposited and annealed [14,15]. The 1-em-long device was divided into 20 
electrically isolated sections, each 500 J.lm long, by wet etching the p-InGaAs cap layer and 
performing a proton implantation between each section. This segmented electrode allowed the . 
photogeherated current to be measured as a function of distance from the input facet in order to 
determine the absorption length. Finally, the SCOWPDs were cleaved to a length of 1 em and 
the front and back facets were treated with 5% (NR.)2S in DI water before the anti-reflection 
coating was applied. The devices were mounted junction-side up with indium solder to Ti/Pt/ Au 
sputtered copper submounts. 



~ 0.7 -h 0.6 
.: 
0 -0.5 u • LL -0.4 c 
Cll 
E 0.3 • c 
~ c 0.2 0 
u 
iii 0.1 u 
; 
a. 
0 0.0 

0 30 40 50 
Thickness of lnGaAs Absorber (nm) 

Fig. 3. One-dimensional (1-D) mode calculations of the optical confmement factor as a function oflnGaAs absorber 
thickness. 

4. Results and Discussion 

Dividing the 1-cm-long SCOWPD into 20 electrically isolated sections allowed for the photo
generated current to be measured as a function of distance from the input facet. This was 
achieved using on-wafer probing with a 20-contact DC probe head. Top-view photographs of 
the multi-section SCOWPD chip are shown in Fig. 4, with increasing detail and magnification 
from top to bottom. The top photo shows a full bar for bench top testing, containing ten 
cQmplete 20-section devices. The middle photo shows a section of that bar, illustrating how the 
devices are positioned. The bottom photo shows the most detail, indicating the location of the n
and p-contacts, the waveguide, and the implant isolation. The measurement configuration was 
automated to control a source-measure unit, for biasing the SCOWPD and measuring dark 
current and photocurrent, and a 20-channel relay switch, for applying the appropriate bias to each 
section. Two voltage supplies were used in the measurement configuration. The first was used 
to appropriately bias the section under test and the second was used to hold the remaining 19 
sections at a constant bias. Figure 5 is a schematic of the measurement configuration, depicting 
the 20-contact DC probe head as a switch. The optical components of the experimental set-up 
included a tunable laser, an erbium doped fiber amplifier (EDFA), a variable optical attenuator, a 
polarization controller, and a lensed fiber. 
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Fig. 4. Top-view photographs of the multi-section SCOWPD chip, shown with increasing magnification from top to 
bottom. 
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Fig. 5. SCOWPD measurement configuration, showing section 3 connected to a source-meter and the remaining 
sections connected to a fixed voltage source. 



Figure 6 shows the distribution ofphotocurrent along the length of a 1-cm-long SCOWPD 
having w ,;, 6 J..Lm. These data were obtained by fiber coupling a 1550-nm CW laser signal to the 
AR-coated input facet using a lensed fiber with a 6.5-J..Lrn spot size. The photodiode was reverse 
biased to -3 V. For an optical input power of2Q mW, the total photocurrent for this device, with 
all20 sections biased, was 16.4 rnA, corresponding to an external responsivity of R = 0.82 AIW. 
Excluding the first data point, the photocurrent decay as a function of device length can be fit to 
a simple exponential. From this fit, the total absorption coefficient was detennined to be fa0+a1 
= 4.8 cm-1

• Using this value offa0+a;, and assuming zero background loss (a;= 0), an upper 
bound off= 0.08% is calculated using Eq. (2). We note that this value off is nearly half the 
smallest value reported elsewhere [3], and in good agre~ent with the desired ultra-low r. The 
likely explanation for the increased photocurrent in the first section is that the launched beam 
profile has a larger r (i.e., more overlap with the InGaAs absorption layer) than the fundamental 
waveguide mode. The mis-launched beam would then evolve to the waveguide mode over some 
propagation distance in the first section, and r would decrease to the as-designed ultra-low r. It 
is unlikely that the increased photocurrent is due to the thennal effects described below since the 
total current in the first section is less than 6 rnA in this low power measurement. 
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Fig. 6. Photocurrent as a function of distance from the input facet of the SCOWPD. Inset shows the near-field 
mode profile. 

The measured near-field mode profile of a SCOWPD with w = 6 J..Lm is shown as an inset to Fig. 
6. The lle2 intensity dimensions of this mode are 5.8 J.lm x 7.6 J.lnl· Mode-overlap calculations 
predict a 92% input coupling efficiency between the 6.5-J..lm-spot-size lensed-fiber mode and the 
SCOWPD mode. 

To obtain a better estimate of the optical confinement factor and excess opticalloss'ofthe 
SCOWPD structure, we used the data of Fig. 6 to compute the maximum detection efficiency, 
assuming 100% coupling efficiency. Figure 7 shows the measured detection efficiency as black 
squares for a SCOWPD with w = 6 J..lm. Fitting Eq. (2) to the data (red curve) allowed us to 
extract estimated values for r and a1, assuming ideal coupling conditions. Due to the outlying 
data point from the first section of the device, the extracted values are only estimates. The 



optical confmement factor estimated from measurements (f = 0.069%) shows excellent. 
agreement with the ultra-low optical confinement factor predicted by BPM simulations {r = 

0.066%). However, the excess loss estimated from measurements {ai = 1.65 em'1) is 
significantly higher than the predicted value {a1 = 0.37 em-1

). This larger than expected excess 
opticall_oss results from non-ideal coupling, excess waveguide scattering, Zn diffusion from the 
p-doped InP, larger than expectedloss from then-doped region which has high overlap with the 
mode, or a combination of the above. If a coupling efficiency of 80% is assumed instead of 
100%, for example, the estimated ai drops to~ 1.0 em-1

• In Fig. 7, the green and blue regions 
correspond to the effect that changes in r and ai have on detection efficiency for a coupling 
efficiency of 1 00%. The upper bound of the green region and the lower bound of the blue region 
are representative ofr = 0.15%, ai = 0.10 em-1 and r = 0.03%, ai = 2.0 em-1

, respectively. 
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Fig. 7. Detection efficiency as a function of device length for a SCOWPD with w = 6 J.Lm. Measured data results in 
r = 0.069% and IXj = 1.65 cm-1

• As r increases and/or a1 decreases, the detection efficiency improves. . 

As mentioned earlier, one of the main goals of implementing the SCOWPD device structure was 
to increase the maximum photocurrent that ~an be generated. Figure 8 shows a log-log plot of 
the zero-impedance-load photocurrent as a function of optical input power at the facet for a 
SCOWPD with a w = 5 p.m ridge. For an optical input power of300 mW, the total photocurrent 
generated in the 1-cm-long SCOWPD was 250 rnA. To our knowledge, this is the highest photo
generated current demonstrated for a waveguide photodiode device. The external responsivity R 
of this device remained constant at 0.5 AIW for optical input powers from 1 m W to 50 m W. 
Above 50 m W, R began to increase with increasing optical input power, reaching a value of 0.83 
AIW at 300-mW input power. We attribute this nonlinear responsivity to thermally induced 
increases in some combination off and a0 • First, r will increase in a SCOW structure if the 
refractive index of the p-InP cladding layer increases due to heating of this layer [18]. Second, 
a0 will increase with heating of the InGaAs absorber layer because the InGaAs bandedge shifts 
to longer wavelengths with increased temperature. Heating of the p-InP cladding and lnGaAs 
absorber layers can be caused by both a high series resistance of the p-InP layer, caused by 
insufficient doping, and a high contact resistance of the metal-semiconductor interface. 
Optimization of the current implementation of the SCOWPD includes reducing both the 
electrical heating and the thermal impedance. Efforts to reduce the electrical heating of the 
device include an improved p..:contact metallization and alloy and a higher p-InG~ doping 



level. The thermal impedance of the device will be reduced through improved mounting 
techniques, inclu9ing optimization of the backside base metallization for soldering and the solder 
reflow procedure. 
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Fig. 8. Photocurrent of a SCOWPD as a function of optical input power. A record waveguide photocurrent of250 
rnA was generated for an optical input power of300 mW. The "X" indicates the optical power where the device 
failed. 

5. Conclusion 

Fundamental limitations to the maximum absorption length of waveguide photodiodes have been 
investigated. Specifically, we have analyzed how an ultra-low optical confinement factor rand 
an excess optical loss ai that approaches the lower limit of~ 0.1 cm-1 affect the absorption length 
and the detection efficiency of a waveguide photodiode. We have implemented a waveguide 
photodiode design, based on the SCOW concept, which begins to approach these limits. This 
SCOWPD device has a fundamental optical mode that has low overlap with both the absorption 
region and the lossy p-doped cladding layer. This has allowed for an ultra-low optical 
confinement factor r of0.069% and a 1/e absorption length of2.1 mm. Assuming 100% 
coupling efficiency, the excess optical loss was estimated to be 1.65 em·•. This value is larger 
than expected, resulting from non-ideal coupling, excess waveguide scattering, Zn diffusion from 
the p-doped InP, n-doped region absorption, or a combination of the above. The SCOWPD has 
demonst:r:ated an external responsivity of up to 0.83 A/Wand has produced a record photocurrent 
for a waveguide photodetector of250 rnA at 1.55 J.Lm. By lowering the p-contact resistance with 
material and metallization improvements and removitlg the photo-generated heat with better 
mounting techniques, we expect that Ampere-class SCOWPD devices should be possible. 
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